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BIOLOGICAL PRODUCTS 

The large-scale, economic purification of recombinant proteins is increasingly 
an important problem for the biotechnology Industry. Generally, recombinant 

5 proteins are manufactured using either mammalian or bacterial cell lines 
engineered to produce the protein of Interest by insertion of a recombinant 
plasmid containing, the gene for that protein. Proteins are either secreted 
directly from the cell into the surrounding growth media or they are made 
intracellularly. For the latter proteins, the first step of a purification process 

10 involves lysis or disruption of the cell, which can be done by a variety of 
methods, including mechanical shear, osmotic shock, or enzymatic treatments. 
Such disruption releases the contents of the cell Into the homogenate. and in 
addition produces subcellular fragments that are generally removed by 
differential centrifugation or by filtration. The same problem arises, although on 

15 a smaller scale, with directly secreted proteins due to the natural death of cells 
and release of intracellular host cell proteins in the course of the protein 
production mn. Recombinant proteins produced in this way need to be purified 
away from contaminating host cell proteins, as they may be toxic or 
immunogenic. High purity Is essential for recombinant proteins required for 

20 therapeutic use such as antibodies. 

Antibodies and antibody fragments until recently were usually manufactured In 
mammalian cells, but alternative production systems such as E.coli, Pichia 
yeasts, plants and goats have also . been used. These manufacturing 

25 alternatives have been driven by the specific antibody product and the balance 
between scale, cost, speed, capital risk and biological safety (Humphreys and 
Glover, 2001, Current Opinion in Drug Discovery and Development, 4, 172-. 
185). In addition to the more obvious costs of fermentation plant, operator 
time, media ingredients and process turnaround/capital depreciation, there are 

30 significant costs associated with 'downstream processing' i.e. crude product 
storage, handling and purification. 



2 



Large-scale antibody purification relies predominantly on fractional 
precipitation, ion exchange, size exclusion and . hydropiiobic interaction 
clironnatography because tliese methods are cost efficient and physically 
5 robust. If purification cannot be achieved using these methods then 
considerable development will be required to scale up more expensive 
analytical methods such as affinity chromatography. This problem Is likely to 
arise when contaminating host proteins have similar physical properties to the 
recombinant antibody, such as pi, size or hydrophoblcity. Removal of these 
10 contaminants may require specialist purification steps that are highly 
undesirable when performed on a large-scale. Hence there Is a need to 
improve and simplify large-scale purification processes for recomblnantly 
manufactured antibodies where contaminating host proteins are a particular 
problem. . 

15 

The present invention solves the problem described above by providing 
improved E.coli host cells for the manufacture of recombinant antibodies. More 
particulariy, the present invention provides E.coli host cells for the production of 
recombinant antibodies, characterised in that said cells have been genetically 
20 modified in order to change at least one physical property of one or more E.coli 
proteins which in the wild type co-purIfy with said recombinant antibody. 

Accordingly, we have been able to demonstrate that the purification process for 
antibodies produced in E.coli can be Improved by altering the physical 

25 properties of selected E.coli proteins so they no longer co-purify with the 
recombinant antibody. As a result of using the E.coli host cells of the present 
invention it Is possible to Improve the purification process for antibodies 
produced using said cells, for example the process may be quicker and/or 
more economical than those produced in wild type E.coli. Therefore, 

30 improvements in the purification of an antibody in the present invention may be 
considered to be any advantageous alteration to a purification process 
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resulting from modifications in tlie physical properties of E.coli host proteins. 
Improvements may include but are not limited to improvements in speed of 
purification, reduction in purification costs or increase in quality of antibody 
produced. In one embodiment of the present invention the purification process 

5 for a recombinant antibody is improved by the removal of an entire purification 
step resulting in both cost and time savings. Preferably the step that is 
removed is an affinity chromatography step, an ion exchange step, a size 
exclusion step or a hydrophobic interaction step. In a preferred embodiment 
the step that Is removed during the purification of an antibody Fab' fragment is 

10 a hydrophobic interaction step and the E.co// protein that Is altered is the 
Phosphate binding protein (PhoS/PstS). Preferably removal of said step leads 
to cost savings of approximately 15% compared to the original purification 
process on a molar Fab' basis. 

15 In einother embodiment of the present invention, the purification process for 
recombinant antibodies produced in the host cells of the present invention is 
improved by reducing the amount of column matrix required, hence reducing 
material costs and process times. Preferably this is achieved by reducing the 
number of contaminating host proteins which nonmally co-purify with the 

20 recombinant euitibody and reduce the capacity of the column to bind suntibody. 
In a preferred embodiment the column capacity that Is Increased is a cation 
exchange column and the E.coli host proteins that are altered to prevent 
binding to that column are Dipeptlde binding protein (DppA), Maltose binding 
protein (MBP) and Thioredoxin. 

25 

Thus according to the present invention there are provided improved E.coli 
host cells for the manufacture of recombinant antibodies. The E.coli host cells 
of the present invention may be naturally occurring organisms or mutated 
30 organisms capable of producing recombinant antibodies. Preferably, however, 
the host organism is an organism or the progeny of an organism which has 




been transformed using recombinant DNA techniques witli a heterologous 
DNA sequence which codes for the production of a recombinant antibody. 
Specific host E.co// strains suitable for use in the present invention include but 
are not limited to MC4100, TG1, TG2, DHB4, DH%a, DH1, Bi-21, XUBIue. 
5 One preferred E. coli host is E. co// W3110 (ATCC 27,325) a commonly used 
host strain for recombinant protein fermentations. 

The recombinant antibody produced in the E.coli host cells of the present 
invention is any immunoglobulin molecule including any antigen binding 
10 immunoglobulin fragment, such as Fv, Fab' and F(ab')2 fragments, and any 
derivatives thereof, such as single chain Fv fragments. 

The E.coli host proteins selected for genetic modification are proteins that in 
the wild type are known to co-purify with the recombinant antibody during 
15 purification. The term *co-purify' refers to the purification of one protein with 
another under the same set of purification conditions. Preferably this refers to 
the purification of contaminating E.coli proteins along with a recombinantly 
expressed antibody during purification processes such as chromatography. 

20 The term 'genetic modification' refers to one or more deletion, insertion, 
substitution or mutation of a gene sequence resulting in a change in the 
physical properties of the protein encoded by that gene. Preferably these 
changes do not affect the physiological or biological activity of the encoded 
protein. 

25 . 

The term 'physical property" refers to the physical nature of the protein itself 
rather than if s physiological or biological activity. Preferably, physical property 
refers to characteristics of the protein such as size, hydrophobicity and 
isoelectric point. Which physical property of the E.coli host protein is altered 
30 will be dictated by the purification process for the recombinant antibody and the 
improvements that are required. For example, the isoelectric point of a protein 
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may be altered to prevent it binding to a particular ion exciiange column under 
certain conditions. 

The physical properties of contaminating E.coli proteins that are altered by 
5 genetic modification can include but are not limited to, isoelectric point and/or 
size and/or hydrophobicity. Alterations to the physical properties of the 
contaminating proteins can be made using any combination of addition, 
deletion, substitution or insertion of specific sequences within the encoding 
nucleotide sequence. In one embodiment the physical properties of the protein 

10 are altered by the addition or deletion of at least one amino acid at the N or C 
tenninus. In one embodiment a physical property of a contaminating host 
protein is altered by the addition of an amino acid tag to the C-temiinus. In a 
preferred embodiment the physical property that is altered is the isoelectric 
point and the amino acid tag is a poly-aspartic acid tag attached to the C- 

15 terminus. In one embodiment the E.co// proteins altered by the addition of said 
tag are Dipeptide binding protein (DppA), Maltose binding protein (MBP), 
Thioredoxin and Phosphate binding protein (PhoS/PstS). In one specific 
embodiment the pi of the E.coli Phosphate binding protein (PhoS/PstS) protein 
is reduced from 7.2 to 5.1 by the addition of a poly-aspartic acid tag (polyD), 

20 containing 6 aspartic acid residues to the C-terminus. 

Also preferred is the modification of specific residues of the contaminating 
E.co// protein to alter its physical properties, either alone or in combination with 
the addition of N or C temiinal tags. Such changes can Include insertions or 

25 deletions to alter the size of the protein or amino acid substitutions to alter pi or 
hydrophobicity. In one embodiment these residues are located on the surface 
of the protein. In a preferred embodiment surface residues of the PhoS protein 
are altered in order to reduce the pi of the protein. Preferably residues that 
have been implicated to be important in phosphate binding (Bass, 

30 US5,304,472) are avoided in order to maintain a functional PhoS protein. 
Preferably lysine residues that project far out of the surface of the protein or 
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are in or near large groups of basic residues are targeted. In one 
embodiment, the PhoS protein has a hexa poly-aspartic acid tag attached to 
the C-terminus whilst surface residues at the opposite end of the molecule are 
targeted for substitution. Preferably selected lysine residues are substituted for 

5 glutamic acid or aspartic acid to confer a greater potential pi change than when 
changing neutral residues to acidic ones. The designation for a substitution 
mutant herein consists of a letter followed by a number followed by a letter. 
The first letter designates the amino acid in the wild-type protein. The number 
refers to the amino acid position where the amino acid substitution is being 

io made, and the second letter designates the amino acid that is used to replace 
the wild-type amino acid. In preferred mutations of PhoS in the present 
invention lysine residues (K) 275. 107. 109, 110, 262, 265. 266, 309, 313 are 
substituted for glutamic acid (E), as single or combined mutations, in addition 
lysine(K)318 may be substituted for aspartic acid (D) as a single or combined 

15 mutation. Preferably the single mutations are K262E, K265E and K266E. 
Preferably the combined mutations are K265/266E and K1 10/265/266E. More 
preferably, all mutations are combined with the polyaspartic acid (polyD) tag 
attached at the C-terminus and optionally also with the K31 8D substitution. In 
a preferred embodiment the mutations result in a reduction in pi of at least 2 

20 units. Preferably the mutations of the present invention reduce the pi of PhoS 
from 7.2 to between 4 and 5.5. 

In one embodiment of the present invention the pi of the PhoS protein of E.coli 
is reduced from 7.2 to 4.9, 4.8 and 4.5 using the mutations polyD K318D, 
polyD K265/266E and polyD K1 1 0/265/266E respectively. 

25 

Preferably all genetic modifications of E.coli host proteins result in proteins 
which no longer co-purify with the recombinant antibody during the desired 
purification step. Preferably alterations to the PhoS protein result in a protein 
which does not co-purify on ion exchange with an antibody Fab' fragment and 
30 preferably a previously required hydrophobic interaction step is no longer 
necessary. Preferably all mutations to the PhoS protein result in proteins that 
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no longer elute from a cation exchange column at the same salt concentration 
as the recombinant antibody. Preferably the mutant PhoS proteins will elute at 
less than lOOmM NaCI, whereas the antibody elutes at 200mM at pH 4.5. 
More preferably the mutant PhoS proteins will not bind a cation exchange 
5 column at all at a pH of 5.0 or less. In one embodiment of the present 
invention the mutant PhoS proteins will bind an anion exchange column at pH8 
or greater where the wild type PhoS does not. 

Preferably alterations in the physical properties of contaminating host proteins 
10 do riot significantly affect the biological activity or function of the protein. In one 
embodiment of the present invention mutant PhoS proteins remain functional 
as determined by their ability to complement a PhoS deficient E.co// strain, 
ANCC75 (Amemura et al., 1982, Journal of Bacteriology, 152, 692-701). 
Preferably all mutations in E.coli host proteins do not affect the growth of E.coll 
15 or the yield of recombinant antibody compared to wild type. 
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Detailed Description of tiie Invention 
Definition of Terms 

5 

Hvdrophobicitv: Refers to the net effect of hydrophobic and hydrophilic amino 
acids over a whole protein surface, or in localised surface patches, on solubility 
of the protein in water or organic solvents and its interaction with solid surfaces 
and matrices. 

10 

p| or isoelectric point: refers to the pH at which the polypeptide's positive 
charge balances Its negative charge, pi can be calculated from the net charge 
of the amino acid residues of the polypeptide or can be determined by 
isoelectric focusing 

15 

Size: refers to the molecular weight of a protein 

Wild tvpe: refers to the host cell in which a contaminating host protein has hot 
been modified. It is possible that other proteins in this host cell have been 
20 modified for purposes outside this invention. 

Mode for Carrying Out the Invention 

The E.coli host cells of the present invention may be naturally occurring 
25 organisms or mutated organisms capable of producing recombinant antibodies. 
Preferably, however, the host organism is an organism or the progeny of an 
organism which has been transformed using recombinant DNA techniques with 
a heterologous DNA sequence which codes for the production of a 
recombinant antibody. Examples of specific host E.coli strains include 
30 MC4100, TG1, TG2, DHB4, DH%a, DH1. BL21, XUBIue. One preferred E. 
coli host is E. coli W3110 (ATCC 27,325) a commonly used host strain for 
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recombinant protein fermentations. Expression of any foreign gene in E. coli is 
achievec* by insertion of a cDNA copy of the gene into an expression vector. 
Many forms of expression vector are available. Such vectors usually comprise 
a plasmld origin of DNA replication, an antibiotic selectable marker and a 
promoter and transcriptional tenminator separated by a multi-cloning site 
(expression cassette) and a DNA sequence encoding a ribosome binding site. 

The recombinant antibody produced in the E.coli host cells of the present 
invention is any immunoglobulin molecule including any antigen binding 
immunoglobulin fragment, such as Fv. Fab* and F(ab')2 fragments, and any 
derivatives thereof, such as single chain Fv fragments. The production of 
antibodies is well known in the art and antibody fragments are routinely 
produced in E.coli by refolding from inclusion bodies or by functional 
expression by secretion to the bacterial periplasm (PIQckthun and Pack 1997, 
Immunotechnology, 3,83-^05). 

The purification process for a given antibody is the sequence of purification 
steps required to generate pure recombinant antibody following expression of 
said antibody in E.coli. The purification of recombinant antibodies Is well 
known In the art and for each antibody a purification process can be devised 
which generates the maximum yield and purity using the least number of 
purification steps. Recombinant antibodies can be purified using one or more 
purification steps, examples of which include Ion exchange chromatography, 
hydrophobic interaction chromatography, size exclusion, isoelectric focusing, 
Reverse Phase HPLC, chromatofocusing. SDS-PAGE, ammonium sulfate 
precipitation, and affinity chromatography (e.g. using protein A, protein G, or 
antigen as the capture reagent). The most common methods used for large- 
scale production of recombinant antibodies are fractional precipitation, ion 
exchange, hydrophobic interaction chromatography and size exclusion 
chromatography because these methods are cost efficient and physically 
robust. These methods separate proteins on the basis of their physical 
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characteristics, Isoelectric point, iiydrophobicity and size respectively. If 
contaminating E.coli proteins have similar physical properties to the 
recombinant antibody it may not be possible to separate the proteins using 
these methods. For these antibodies it will be necessary to include additional 
more expensive purification steps such as protein-A and proteln-G affinity 
chromatograiphy. 

From examination of the purification process for a given recombinant antibody 
the person skilled In the art can quickly determine whether there are 
contaminating E.coli proteins which co-purIfy with the recombinant antibody 
and are difficult to remove. The existence of such contaminating proteins will 
already be known to the person who has devised the purification process, for 
example there may be additional steps Incorporated into the process solely for 
their removal. Alternatively, SDS-PAGE gels of column fractions will reveal 
which proteins consistently co-purify with the recombinant antibody. 

From examining the purification process the person skilled in the art can 
detemnine which physical property or properties of said contaminating 
protein(s) it would be desirable to change, such that the purification of the 
recombinant antibody can be improved for example, by using fewer or different 
purification steps. For example, it may be appropriate to reduce or Increase 
the size of the contaminating proteln(s) to allow separation from the 
recombinant antibody using size exclusion chromatography rather than by 
using an expensive affinity chromatography step. Alternatively it may be 
appropriate to alter the isoelectric point or hydrophobicity of the contaminating 
protein to allow separation by ion exchange or hydrophobic interaction 
chromatography. A person skilled in the art can easily identify the optimal 
change in physical property for a contaminating protein in a given purification 
process. It may also be desirable to change the properties of more than one 
E.co// protein and/or more than one physical property of said proteins. 
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Having selected E.coli proteins whlcti co-purify with tlie recombinant antibody 
and detemnined whicti physical properties of said proteins is would be desirable 
to change to Improve the purification process, it is necessary to clone the gene 
encoding said proteins so that the alterations in physical properties can be 

5 made. This is routine for someone skilled in the art and first requires that 
protein sequence is obtained from the protein. This can be achieved for 
example, by N-temninal sequencing of proteins from western blots or 
sequencing of tryptic or CNBr fragments generated from said blots, all of which 
are routine methods for obtaining protein sequence. Such westem blots can 

10 be generated from SDS-PAGE gels on which column fractions containing the 
contaminating host protein have been electrophoresed. The amino acid 
sequence obtained from said proteins can then be used to identify by 
homology searching the full protein and DNA sequence from databases such 
as SwissProt or Genbank given that the entire genomic sequence of E.coli is 

15 publicly available (Blattner et al., 1997, Science, 277 1453-1462). The gene 
encoding the contaminating protein can then be cloned using well known 
techniques such as PGR using primers based on the nucleic acid sequence 
and using E.coli DNA as a template. 

20 Once the contaminating E.coli protein has been identified and the gene 
encoding said protein cloned, the gene can then be modified to generate the 
required physical changes in the protein that will result in improved purification 
of the recombinant antibody. The methods for altering the physical properties 
of proteins are well known in the art and many systematic changes may be 

25 required to achieve the desired result. From analysis of the protein sequence, 
sequence alignmente and crystal structure, if available. It is possible for the 
person skilled in the art to identify regions of the protein that may be amenable 
to alteration. The regions chosen will depend on the intended changes in 
physical property. For example, to alter the pi or hydrophobicity of the protein 

30 it will be necessary to focus on surface exposed residues of a particular charge 
or hydrophobicity. Alterations in size may focus on particular domains that can 
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be deleted or modified. Computer programs such as Rasmol or WebLab 
Viewer Lite are useful for viewing crystal structures of proteins enabling 
judicious and informed choices of which residues to change. Additional 
information on residues important for the activity or stmcture of the protein may 
s be available in the public domain. 

Preferably the protein will remain functional and examination of protein 
sequence alignments and crystal structures if available, should enable active 
site regions to be avoided. If the crystal structure is not available, identification 
10 of residues that can be altered without destroying protein function or 
expression can be tested using methods well known in the art such as alanine 
scanning mutagenesis (Cunningham and Wells, 1989, Science, 244, 1081- 
1085). 

15 A preferred method of altering the physical properties of proteins is by the 
addition of protein tags, the methods for which are widely known in the art. To 
date these have been used to alter the properties of recombinant proteins to 
aid their purification rather than to alter contaminating host proteins. When 
these tags are used on the recombinant protein they need to be removed from 

20 the purified protein in order to restore protein function, enhance its solubility or 
for therapeutic purposes because the tag is antigenic. This can often present 
difficulties and may be the biggest impediment to the successful application of 
this technology (Sassenfeld, 1990. VtJtech, 8, 88-93). In the present invention 
removal of such tags Is not required as the tag is used to change the pi of 

25 contaminating E.co// proteins rather than the recombinant antibody itself. The 
pi, hydrophobicity and size of proteins can all be altered by the addition of 
amino acid tags, the nature of which will depend on the required outcome. For 
example, tags appropriate for altering the isoelectric point of a protein are poly- 
arginine tags (Sassenfeld and Brewer, 1984, Biotechnology, 2, 76-81; Brewer 

30 US 4,532,207; Niederauer et at., 1996, Bioteclinology Progress, 10, 237-245; 
Stempfer ©fa/., 1996. Nature Biotechnology, 14, 329-334), poly-glutamic acid 
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tags (Dalb0ge at ai, 1987. Bio/Technology, 5. 1447-1457; Niederauer et al., 
1996) and bespoke protein domain tags (Graslund et ai, 2000. Protein 
Engineering. 13, 703-709 and Graslund et ai., 2002. Joumai of 
Chromatography, 942, 157-166). Tags that can be used to alter 
hydrophobicity Include poly-phenylalanine tags (Persson et a/..1988. Anaiytical 
Biochemistry, 172, 330-337) and elastin-like polypeptides (Meyer and CholkotI, 
1999. Nature Biotechnoiogy, 17. 1112-1115). There are also many proteins 
and domains of proteins that have been used as viable fusion partners which 
Increase the size of the target protein, including alkaline phosphatase (Canrler 
etai., 1995. Joumai of Immunological l\/iethods, 181. 177-186). p-galactosidase 
(Nielsen et al., 1988, JIMM 111. 1-9), maltose binding protein (dl Guan et al., 
1988. Gene, 67. 21-30). GST (glutathione S transferase, Smith and Johnson 
1988, Gene, 67, 31-40). cellulose binding domain (Ong et ai., 1989, 
Bio/Technology, 1, 604-607), DsbA (Gollins-Racie etai., 1995, Bio/Technology, 
13. 982-987). DsbC (Novagen). thioredoxin and NusA (Novagen). Such 
fusions can result in an Increase in size of 10-60kDa. Such tags may be used 
alone or In combination with other specific alterations to the contaminating 
protein described below. 

Another preferred method of altering the physical properties of host proteins is 
the modification of specific residues, the methods for which are well known in 
the art. For example, the electrostatic properties of a subtilisin have been 
modified by changing the surface charges of the subtilisin through the 
introduction of multiple charged amino acid residues using the X-ray crystal 
structure as a guide (Egmond et ai., 1996. In Subtilisin Enzymes: Practical 
Protein Engineering, R Bott and C Betzel eds. 219-228). Marttila et al., 1998. 
FEBS Letters, 441. .313-317. have produced several charge mutants of avidin 
with pis ranging from 9.4 to 4.7. compared to the native pi of 10.5. The 
mutants were generated by replacing basic residues such as lysine and 
arginine with neutral or acidic amino acids based on known crystallographic 
data together with comparative sequence alignments. 




Choosing which surface residues to mutate can be assisted by considering the 
position of the residue relative to active site, degree of solvent exposure, 
potential interaction with other surface residues, relative solvation potential of 
5 the amino acid R-groups involved, pKa of amino acids, relative 
hydrophobicity/hydrophilicity of the amino acids involved, structural and steric 
considerations including the relative length of the R-groups Involved. 

Mutations to specific residues can be achieved by methods well known in the 
10 art such as oligonucleotide-mediated mutagenesis (Zoller and Smith, 1982, 
Nucleic Acid Research, 10, 6487). To make changes to the isoelectric point of 
a protein it is necessary to mutate neutral amino acids to ones of the desired 
charge, or to change residues for ones with opposite charges (i.e. 
lysine/arginine for aspartic/glutamic acid. Typically to raise the pi of the protein 
15 more basic amino acids such as lysine and arginine should be incorporated 
into the protein, replacing acidic amino acids such as aspartic acid and 
glutamic acid. To decrease the pi the choice of substitutions should be 
reversed. 

20 Alternatively it may be desirable to reduce the hydrophobicity of the 
contaminating protein and this can be achieved by replacing hydrophobic 
residues such as valine, leucine, isoleucine, phenylalanine, tryptophan, 
methionine and proline with more hydrophilic or polar residues such as serine, 
threonine, cysteine, tyrosine, aspartic acid, glutamic acid, asparagine, 

25 glutamine, histidine, lysine or arginine. Alternatively to increase the 
hydrophobicity the amino acid substitutions should be reversed. 

It is also possible to reduce the size of the contaminating protein by identifying 
specific domains or parts of the protein that can be deleted without affecting 
30 protein expression and optionally function. These may be N or C-terminal 
domains or exposed loops that can be deleted to form in frame fusions. 
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Alternatively amino acid tags or protein domains, such as tliose described 
eariier may be fused to the protein in order to increase the size of the 
contaminating protein to improve separation using size exclusion 
chromatography. 

5 

One skilled in the art will appreciate that it Is difficult to predict the exact effect 
of the substitution, deletion, insertion or tag on the expression, activity or 
physical properties of the contaminating protein. The person skilled In the art 
will test a series of different alterations to achieve the required outcome. 
10 These may be created and tested sequentially or in parallel. One skilled in the 
art will appreciate that the effect may be evaluated by routine screening assays 
such as those described below followed by further modifications if necessary. 

In order to test each mutant the altered protein must be expressed in an E.coli 
15 host cell that does not express the unmodified protein. This can be achieved 
by using an E.coli host that does not express the gene, such as a deletion 
mutant or by culturing said host under conditions where expression of the gene 
is repressed. The altered contaminating protein can be introduced by way of a 
plasmid, which will result in high levels of expression of said protein. 
20 Altematively. the mutant protein can be tested by direct integration of the 
altered gene into the E.coli genome, thus replacing the endogenous gene. 

The successful expression of each altered protein can be confirmed by SDS- 
PAGE analysis following fermentation of the E.coli. There may be cases where 

25 the altered protein will not express properly and these mutations should be 
avoided. Following successful expression of the mutated protein, the 
alterations in physical properties can be evaluated by chromatography and gel 
electrophoresis. For example if the alteration should lead to a decrease in size 
this can be tested on a size exclusion column and on SDS-PAGE. If the 

30 alteration should lead to a change in pl this can be tested using ion exchange 
chromatography and Isoelectric focusing. If the alteration should lead to a 
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change in hydrophobicity this can be tested using hydrophobic interaction 
chromatography and solvent solubility. It should be possible for one skilled in 
the art to evaluate the altered proteins by these methods in the absence of the 
recombinant protein. Optionally, separation from the recombinant antibody can 
5 be confirmed by spiking the extract with purified recombinant antibody before 
testing. 

It is preferable that the biological function of the modified E.coli protein is 
retained whilst the physical properties of the protein are altered. The 

10 functionality of the mutant can be tested in a number of ways widely known in 
the art depending on the identity of the protein. For example, the mutant 
protein can be tested in a biological assay that demonstrates its biological 
activity if this is known for example, an enzyme assay. Alternatively the gene 
encoding the mutant protein can be used to complement an E.coli mutant 

15 lacking the gene of interest followed by testing biological activity or cell growth. 
Many of these mutants already exist or can easily be created by one skilled in 
the art. 

Using the methods described above it will be possible for one skilled in the art 
20 to identify at least one mutant that satisfies the requirements of the improved 
purification process and preferably remains functional. Preferably more than 
one mutant will be selected at this stage in case any of the mutants have a 
detrimental effect on the growth of Bcoli or yield of recombinant antibody once 
integrated into the genome. Integration of the chosen mutated gene(s) into the 
25 E.coli genome such that the wild type gene is replaced can be achieved using 
methods well known in the art (Hamilton et aL, 1989, Journal of Bacteriology, 
171, 4617-4622). The altered DNA sequence that is complementary to a 
sequence found in E.coli genomic DNA is included in the vector for 
transformation. Transformation of E.co// with this vector results in homologous 
30 recombination with the genome and insertion of the altered gene in place of the 
wild type gene. 
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Following replacement of the wild type gene(s) with the modified gene 
sequence the improved E.coli host cell is transformed with the desired 
recombinant antibody gene sequence as In the original wild type E.coli 
expression system. The E. coli host cell is then cultured under the same 
conditions as the original wild type and cell growth and yield of the recombinant 
antibody measured and compared to wild type. Yield of recombinant antibody 
can be tested using standard methods known in the art for the recombinant 
antibody used. For example, antibody Fab' fragments can be quantified by 
ELISA. Preferably no adverse effect on antibody yield or E.coli growth should 
be observed. Should adverse effects be observed one of the other selected 
mutations should be used or new mutations should be generated. One skilled 
in the art will know that these mutations can be tested systematically or in 
parallel. 

To confirm that the altered host protein(s) no longer co-purity with the 
recombinant antibody, the recombinant antibody should be purified using the 
desired process and the presence of the altered host protein(s) monitored by 
for example, SDS-PAGE. The altered host proteln(s) should behave as 
expected due to the changes in physical properties and no longer co-purity with 
the recombinant antibody. 

The following examples are offered by way of illustration, and not by way of 
limitation. 

Brief Description of the Drawings 

Figure 1 Schematic plan of PGR cloning of PhoS gene 

Figure 2 Coomassie stained 4-12% SDS-PAGE of PhoS binding to anion 
exchange column, pH 8.0. Lanes 1-4 are wt PhoS, lanes 5-8 are PhoS polyD 
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and lanes 9-12 are PhoS K/D poIyD. Lanes 1, 5 and 9 are load, lanes 2, 6 and 
10 are flow through, and lanes 3, 4, 7, 8, 11 and 12 are early and late fractions 
respectively of a 1 M NaCi elution step. 

5 Figure 3 Coomassie stained 4-12% SDS-PAGE of PhoS proteins purified on a 
NaCI gradient on SP sepharose pH 4.5. Lane 1 wt PhoS, lane 2 PhoS poiyD, 
lane 3 PhoS K/D polyD. lane 4 PhoS K265/266E polyD, lane 5 PhoS K110E 
K318D polyD, lane 6 PhoS K110/265/266E polyD, lane 7 PhoS K110/265/266E 
K318D polyD, lane 8 PhoS K285/286E K318D polyD. 

10 

Figure 4 Coomassie stained pH 3-10 lEF gel of PhoS proteins purified on a 
NaCI gradient on SP sepharose pH 4.5. Lane 1 wt PhoS, lane 2 PhoS polyD, 
lane 3 PhoS K/D polyD, lane 4 PhoS K265/266E polyD, lane 5 PhoS K110E 
K318D polyD, lane 6 PhoS K1 10/265/266E polyD, lane 7 PhoS K110/265/266E 
15 K31 8D polyD, lane 8 PhoS K265/266E K31 8D polyD. 



Figure 5 Functional complementation of phoS and PO4 starvation induction of 
alkaline phosphatase activity in a phoS and wt E. coli strain by plasmid 
20 encoded wt and mutant PhoS proteins. 

Rgure 6a and 6b Growth of DPH3 (6a) and production of Fab' (6b) by 
fenmentation of DPH3 E. coli. 

25 Figure 7 Coomassie stained 4-12% SDS-PAGE of cation exchange column 
fractions from purification of Fab' from W3110 and DPH3 on SP sepharose at 
pH 5.0 and 3.0mS/cm. Lane 1 DPH3 flow through, lane 2 DPH3 200mM NaCI 
elute, lane 3 W31 1 0 flow through, lane 4 W31 10 200mM NaCI elute, lane 5 wt 
PhoS, lane 6 PhoS polyD, lane 7 Fab'. 

30 
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Figure 8 Anion exchange column fractions from Poros HQ at pH 8.0 of Fab' 
produced in DPH3 or W3110 from cation excfiange column fractions. 
Coomassie stained 4-12% SDS-PAGE. 

Eluate of DPH3 cation exchange applied to anion exchange column and 
collected as flow through (lane 1) or eluate (lane 2). Flow through of DPH3 
cation exchange applied to anion exchange column and collected as flow 
through (lane 3) or eluate (lane 4). Eluate of W31 10 cation exchange applied to 
anion exchange column and collected as flow through (lane 5) or eluate (lane 
6). Flow through of W31 10 cation exchange applied to anion exchange column 
and collected as flow through (lane 7) or eluate (lane 8). Lane 9 wt PhoS. lane 
10 PhoS polyD and lane 1 1 Fab'. 



Examples. 

Materials and l\/iethods 
DNA manipulations 

Standard methods were used for general DNA manipulations. Restriction 
enzymes were from Boehringer Mannheim and Taq polymerase was from 
Roche except for Precision Plus which was from Stratagene. Plasmid 
preparations were perfonned using QIagen kits as per manufacturers 
instructions. Oligonucleotides were from Sigma-Genosys Ltd., Pamplsford, 
U.K. The sequence of the oligonucleotide and PGR product encoded regions 
were confirmed by sequencing of both strands using 'PRISM Big Dye' cycle 
sequencing kit and an ABI PRISM-3100 sequencer using Genetic Analyzer 
software. The supercompetent E. co// strain XLIBiue MRP Kan (Stratagene) 
was used for all DNA manipulations. The wild type E. coli W3110 (ATGC ref. 
27325) were rendered competent for electroporation by washing and 
concentration three times in ice cold sterile 10% (v/v) glycerol for 
electroporation using a BioRad Gene Pulser with pulse control machine at 
2000V 25mS and 200Q. A fresh single fresh W3110 colony was grown in 
100ml of 2xPY media at 37°C until the ODeoo reached -0.5 - 0.8. Thereafter- 
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the culture was cooled on ice for 15 minutes before pelleting the cells in ice 
cold centrifuge tubes at 4*'C at 4000g for 10 minutes. The cell pellet was 
resuspended, washed and re-pelleted 3 times in ice cold 10% (v/v) glycerol 
made up in sterile de-ionised water. After the final pelleting step the cell pellet 
5 was resuspended in a final volume of 10ml of ice cold 10% (v/v) glycerol made 
up in sterile de-ionised water. Ceils were used immediately or frozen in liquid 
N2 and stored at TO°C. 

Bacterial complex and phosphate free media. 

10 'PhoS media' was used for all general growth of E. coli, plasmid preps and 
PhoS expression experiments in'order to provide a PO4 and peptide rich media 
to repress the pho regulon ('PhoS media' = 1% (w/v) tryptone, 0.5% (w/v) yeast 
extract, 0.3% (w/v) KH2PO4, 0.7% (w/v) K2HPO4, 0.5% (w/v) NaCI and 0.5% (w/v) 
casamino acids from DIFCO). 'PO4 free' defined media was the MOPS media 

15 described by Neidhardt et al., 1974 Journal of Bacteriology, 119, 736-747 
supplemented with glucose at 0.5% (w/v), casamino acids at 0.5% (w/v), and 
thiamine at ImM. Cells destined for integration events were grown using 2 x 
PY (2% agar (w/v), 1% phytone (w/v), 0.5% yeast extract (w/v), 0.5% NaCI (w/v) 
and made to pH 7.0 with 1 M NaOH). Media were supplemented with 3% agar 

20 (w/v), carbenicillin at 200pg/ml or chloramphenicol at 20H£|/ml IPTG at 200|xM 
and XP at 40Mg/ml as appropriate. 

Fab' assembly ELISA. 

ELISA plates were coated overnight at 40C with HP6045 at 2pgml-'' in PBS 
25 (HP6045, a mouse lgG2a monoclonal anti-human IgG Pan Fd (CHi), was 
obtained from hybridoma HP6045 from ATCC. Immunoglobulin was recovered 
from the culture supernatant by Protein A purification, and traces of bovine IgG 
were removed on a sheep anti-bovine IgG column). After washing 4x with 
dHaO, serial 1^ dilutions of samples and standards were performed on the plate 
30 in 100pl of sample/conjugate buffer (lOOmM Tris/CI pH 7, lOOmM NaCI, 
Casein 0.2% (w/v), tween 20 0.0002% (v^)), and the plate shaken at 250 
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r.p.m., room temperature for 1 hour. After washing 4x with dHzO, 100mI of the 
revealing antibody GD12, HRP conjugated F(ab')2 anti human l<appa chains 
(The Binding Site, Birmingham, U.K.) was added, diluted 1/1000 in 
sample/conjugate buffer and the plate shaken at 200 r.p.m., room temperature 
for 1 hour. After washing 4x with dHzO. lOOni of .3-3'-5-5' tetramethylbenzldine 
(TMB) substrate was added (0.1 M sodium acetate/citrate pH 6, lOO^g/ml TMB, 
H2O2 0.01% (v/v)), and the Aeso recorded using an automated plate reader. The 
concentration of Fab' in the periplasmic extracts were calculated by 
comparison with purified Fab' standards of the appropriate Isotype. 

Cloning of PhoS gene. 

The wild type PhoS gene along with ~700bp of 3' chromosomal sequence was 
PGR cloned using W3110 E .coli as a template as a Dra \-BsfB I restriction 
fragment into pSK- (Stratagene). In order to facilitate making changes to the C- 
terminus of PhoS three base pair changes were made just 3' to the stop codon 
of the PhoS gene to Incorporate a novel Hind III site (see Figure 1 for 
schematic plan). After making changes to the PhoS gene and testing these 
changes on the chromatographic perfomiance of the PhoS protein, final gene 
constructs were shuttled as Sal \-BarriH I fragments Into pK03 for 
recombination into the E. coli chromosome. The sequence for the PhoS gene 
and It's sun-ounding genomic sequence were found in the literature and public 
databases (Surin et al., 1984 and Blattner et al., 1997). 

Construction of genes encoding mutant PhoS proteins 
Using W3110 as a template the PhoS coding sequence along with some 3' 
genomic sequence was cloned in two parts by PGR using Taq polymerase. 
The oligonucleotides used for this are shown in Table 1 . Three base pairs 
immediately after the stop codon were changed using PGR mutagenesis to 
encode a Hind 111 site. Hence the PhoS coding region, Including any changes to 
the 3' of the gene could be cloned as Dra l-H/nd III restriction fragments into 
Sma ['Hind 111 restricted pSK- plasmld. Changes made to the 3' end of the 
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PhoS gene Include eroding regions that encode for poly(hexa) aspartic acids, 
and poly(hexa) aspartic acids with a K318D change. 



Mutations to surface residues were performed using oligonucleotide directed 
5 mutagenic PGR using oligos (shown in Table 1) that spanned useful restriction 
sites as shown in Figure 1 . Hence by use of PGR and restriction cloning it is 
possible to construct and mix these mutations. 



Table 1 . Oligonucleotides used for construction, mutagenesis, sequencing and 
10 screening of PhoS genes. 



Type of oligonucleotide 


Sequence of oligonucleotides 


A) PhoS cloning olieonucleotides 


Dra I (forward) 
GTAATTGACTGAATATCAACG 

Hind III (fom/ard) 

CTGTACTAATAAGCTTCCAGGCCGGGTACGGTGTTTTACGCC 
Bxzxd XIX (reverse) 

C<3<3CCTG(3AAGCTTATTAGTACAGC(3GCTTACC(3CTACTGTC 
BstBX (reverse) 

ccgactctttcatcatcaccg<;(;g 

Poly D (reverse) 

cggcctggaagcttattaatcgtcatcgtc:atcgtcgtacagcggct 

TACC(3CTACTGTC 

K/D + Poly D (reverse) 

cggcctggaagcttattaatcgtcatcgtcatcgtcgtac:ac;cg<3gt 
ccccgctactgtctttaatattggtc 

Null PboS (forward) 

cgccgcgaccttatcgatgagtgk:otaataagtgatt<3aa(;aagkia^ 

gcctgacaggtgcagg 


Seauencine olieonucleotides 


Seq 1 (forward) 

gcgttcgttcagcgtctgccggg 

Seq 2 (reverse) 

ctgcttcgcgtaagcatattc 

Seq 3 (forward) 

ccaatattaaagacagtagcgg 

Seq 4 (reverse) 

cattttgtaatgccggatcscggcg 

Seq 5 (forward) 
CT(3AGCTTGCGCCTGC3CT<3GC 

Seq 6 (reverse) 

(3CTC3CCAGC7VGCTCAATGGCG 










O ScreeEninpr nliponucleotides 


PolyD screen (forward) 
TACGACGATGACGATGACGATTAA 

PiioS stop screen (forward) 
GCTTAATAAGTGATTCAACSAA 




U) Surface mutaeenesis 


PlLoS BspE I K107E (forward) 

CT<3AAGTCCC;GAGAACTG<3TGCT(3GAT(;(OTAAAACCCTC(3(3^ 
CTACCT(K;GC(y^AATCAACa^GT(K^TGATC7^(3CCATC<^ 

PlioS BspB I K107/109/110B (forward) 

CTCSAAGTCCG<SA(3AACTGGT<X:TGGATGGTAAAACCCTC<3C3C(3AC:^ 
CTACCTGG<;CGAAATCGAAGAATGGC3ATGAT(3AA(3CC:ATCGCC 

PlioS BspE I KX09E (forward) 

CTGAAGTCCGGAGAACTC^TCSCTGGATGGTAAAACCCTCGGCGACAT 
CTACCTGGGCAAAATCGAAAAGTGG(SAT<3ATGAAGCCATCGCC 

PhoS BspE I K109/110B (forward) 

CTGAAGTCCGGAGAACTGGTGCTGGATGGTAAAACCCTCGGCGACAT 
CTACCTGG<3C7^AAATCGAAGAATCG(3AT€3ATGAAGCCATC(3CC 

PlioS BspE X K110E( forward) 

CTGAAGTCCGC3A(3AACTGGTGCT<5GATC;GTAAAACCCTCGGCGACAT 
CTACCT(3<;GC:AAAATCAAG(3AAT(3C3GAT<3AT(SAAGC 

PhoS EcdR X K275E( forward) 

6TGCTX3GAATTCTTC<3ACTGGGCGTACAAAACC 

PhoS Nsl X K262/265/266E (forward) 

GAAGATGCATGGCCTATTACCTCTACCACGTTCATTCTGATCCACGA 
AGATCAGGAA(3AACCAGAACAAGGCACAGAAGT(3CTG 

PhoS Nsl I K262/265E(forward) 

GAAGATGCATGCK:CTATTACCTCTACCACGTTCATTCT(5ATCCAC(3A 

agatca(;<saaaaaccagaacaaggcacagaagtgctg 

PhoS Nsl I K2 62/2 6 6E( forward) 

GAAGATGCAT<3GCCTATTACCTCTACCACGTTCATTCTGATCCAC(3A 
AGATCAGAAGGAACCAGAACAAGGCACA<SAAGT(3CTG 

PhoS Nsl I K262E( forward) 

(3AA(3AT(3CATGGCCTATTACCTCTACCACGTTCATTCTGATCCACGA 
AGATCAGAAGAAACCAGAACAAGGCACAGAAGTC3CTG 

PhoS Nsl X K265/266E (forward) 

C3AA(3ATGCATCX3CCTATTACCTCTACCAC6TTCATTCTGATCCA(:^ 
AGATCA(=X3AAGAACC:AGAACAAGGCACAGAAGTGCTG 

PhoS Nsl I K265B (forward) 

(SAAGATGCATGGCCTATTACCTCTACCACGTTCATTCTGATCCACAA 
AGATCA(3(3AAAAACCAGAACAAGGC!ACA(3AAGT(3CTG 

PhoS Nsl I K2 6 6E( forward) 

GAACSATGCIATC^CTATTACCTCTACCACGTTCATTCTGATCCACAA 
AGATCAGAAGGAACCAGAACAAGC^CACAGAAGTGCTG 

PhoS SspE I (reverse) 

CAGTTCTCCGCSACTTCAGCCCTGC3AATGTTAACC<3C 

PhoS EcoR X K2 7 5E{ reverse) 
C3TCGAAGAATTCCAGC:ACTTCTGT(X:CTO6TTCT(3^ 


oligonucleotides 






PhoS Hind XXI K309/313/318E (reverse) 

CGATAAGCTTATTAATCGTCATCGTCATCGTCGTAaVGCGGTTCACC 

GCTACTGTCTTCAATATTGGTTTCCCACGCAGCGCGA^ 

C 



Construction of mutant PhoS integrating recombination piasmids. 

5 The efficiency of directed liomologous recombination of mutated genes into the 
E. coli chromosome is increased if there are flanldng regions of 100% 
sequence Identity on either side of the inserted sequence. The length of these 
flanking regions is usually in the order of 200-1 OOObp (Hamilton et al., 1989, 
Journal of Bacteriology, 171, 4617-4622). Approximately 700bp of 
10 chromosomal sequence 3' to the mutagenic changes was PGR cloned by 
virtue of an introduced Hin6 III site and an innate Ss/B I site. This H/nd lll-SsfB 
I fragment was cloned into H/nd Ill-C/a I restricted pSK-. 

After construction and testing of all PhoS mutants expressed from pSK-, all 
15 final PhoS genes of interest had the 3' chromosomal flanking region described 
above cloned in behind it by moving the 676bp H/nd \\\-Xho I fragment of 3' 
chromosomal flanking region into similarly restricted PhoS expression 
piasmids. The PhoS integration cassette was moved as a 1852bp BamH l-Sal I 
restriction fragment into similarly restricted pK03 homologous 
20 recombination/replacement plasmid (Link et aL, 1997, Journal of Bacteriology, 
179, 6228-6237). 

Construction of chromosomal replacements of PhoS gene in W3110. 

25 The plasmid pK03 (Link et aL, 1997) was used to generate markeriess 
chromosomal gene replacements. The plasmid uses the temperature sensitive 
mutant of the pSCIOI origin of replication along with a chloramphenicol marker 
to force and select for chromosomal integration events. The sacB gene which 
encodes for levansucrase is lethal to E . coll grown on sucrose and hence 
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(along with the chloramphenicol marker and pSC101 origin) is used to force 
and select for de-Integration and plasmid curing events. This methodology had 
been described previously (Hamilton etal., 1989, Journal of Bacteriology, 171, 
4617-4622 and Blomfleld et ai, 1 991 , Molecular Microbiology, 5, 1 447-1 457). 

Use of pkoa inteoration olasmid- 

Day 1 100^1 of E.coli cells were mixed with Sjil of pK03 DNA in a chilled 
BioRad electroporation cuvette before electroporation at 2500V, 25m,F and 
200Q. 900mJ of 2xPY was added immediately, the cells recovered by shaking at 
250rpm in an incubator at 30°C for 1 hour. Cells were serially 1/10 diluted in 
2xPY before 1 0Opil aliquots were plated out onto 2xPY agar plates containing 
chloramphenicol at 20ng/ml prewanned at 30°C and 43°C. Plates were 
incubated ovemight at 30°C and 43°C. 

Day 2 The number of colonies grown at 30°C gave an estimate of the 
efficiency of electroporation whilst colonies that survive growth at 43°C 
represent potential integration events. Single colonies from the 43°C plate were 
picked and resuspended in 10ml of 2xPY. lOOjil of this was plated out onto 
2xPY agar plates containing 5% (w/v) sucrose pre-wamned to 30°C to generate 
single colonies. Plates were incubated ovemight at 30°C. 
Day 3 Colonies here represent potential simultaneous de-integration and 
plasmid curing events. If the de-integration and curing events happened early 
on In the growth, then the bulk of the colony mass will be clonal. Single 
colonies were picked and replica plated onto 2xPY agar that contained either 
chloramphenicol at 20jig/ml or 5% (w/v) sucrose. Plates were incubated 
ovemight at 30°C. 

Day 4 Colonies that both grow on sucrose and die on chloramphenicol 
represent potential chromosomal replacement and plasmid curing events. 
These were picked and screened by PGR with a mutation specific 
oligonucleotide. Colonies that generated a positive PGR band of the correct 
size were struck out to produce single colonies on 2xPY agar containing 5% 
(w/v) sucrose and the plates were incubated overnight at 30°C. 
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Day 5 Single colonies of PGR positive, chloramphenicol sensitive and sucrose 
resistant E . coli were used to make glycerol stocks, chemically competent ceils 
and act as PGR templates for a PGR reaction with 5' and 3' flanking oligos to 
generate PGR product for direct DNA sequencing using Precision plus 
polymerase. 

PhoS complementation assays. 

P/joS strains such as ANGG75 (Amemura etal., 1982, Journal of Bacteriology, 
152, 692-701) constitutively express alkaline phosphatase (AP) due to a 
disconnection in their PO4 sensing and scavenging abilities. It is possible to 
complement the phoS lesion with a plasmid expressed PhoS gene and 
complementation can be detected using chromogenic substrates for alkaline 
phosphatase such as 5-bromo-4-chloro-3-indolyl phosphate (XP), or para- 
nitrophenyl phosphate (pNPP), to assay for AP activity on agar plates or in 
liquid media respectively. For agar plates XP was Included at 40(xg/ml along 
with isopropyl P-o-thiogalactopyranoside (IPTG) at 200|j,M and antibiotic and 
then colonies grown ovemight at 37°G. For assay of AP in liquid media 10- 
100^1 samples of induced culture with an ODeoo of -1.0 were made up to 1ml 
with 1.5M Tris.GI pH 8.0 containing 2S\il of 0.1% SDS (w/v) and 50|il of 
chloroform, vortex mixed for 5s and pre-incubated at 30°G for 5 minutes. The 
assay was started by adding and mixing by inversion 200^1 of 15mM pNPP and 
stopped after 10 minutes by adding and mixing by inversion 200|xl of 1M 
KH2PO4. The assay was performed at 30°G. After pelleting of the cells in a 
microfuge the absorbance of the supernatant at 420 nm was measured relative 
to a blank. One unit of alkaline phosphatase activity was defined as 
AA42oOD6oo'^mln'\ 

Theoretical MW and pi calculations. 

Galculation of theoretical parameters were all done with MacVector software. 
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Mass spectrometry 

Molecular mass for Fab" was determined using MIcromass Ultima triple 
quadrupole spectrometer in positive ion electrospray ionization mode. Fab" 
samples were desalted to remove Tris by multiple volume exchanges with 
lOmM ammonium acetate using MIcrocon concentrators with a lOkDa 
membrane cut-off size (Amicon, U.K.). 

Cation exchange chromatography 

Shake flask and femnentatlon cell pellets were resuspended In lOOmM 
Tris.CI/10mM EDTA pH 7.4 at 30 ODeoo/ml of original culture volume 
respectively and agitated ovemight at 30 or 60°C. After centrifugation at 4000g 
for 10 minutes to remove the cell debris the supernatant was adjusted with 1M 
acetic acid to bring its pH down to that of the buffer In the purification 
experiment (typically pH4.5, 5.0 or 6.0) and then diluted with dHaO until the 
conductivity was <3.5 mScm After re-checking the pH, the periplasmic extract 
was clarified by centrifugation at 20,000g for 10 minutes followed by filtration 
through a 0.2jim membrane. 

A 5ml SP sepharose (Pharmacia) column run In sodium acetate (NaAc) buffers 
was used throughout at a flow rate of Iml/min using a Pharmacia P500 FPLC 
with FPLC director software and a 10ml sample load cylinder. The following 
basic elution regime was used for all PhoS and Fab" constructs: column 
equilibration was completed with 1ml of equilibration buffer, 9ml of sample was 
loaded and then eluted with a 70ml (-14 column volumes) NaCI gradient from 
0-200mM in NaAc, the column was washed with 7ml 1M NaCI in NaAc and 
then re-equilibrated with 13ml load buffer (NaAc). The time and conductivity of 
the point of elution as monitored by Azeo was noted and fractions collected 
manually. 



Anion exchange chromatography 
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A 2.5inl Poros HQ column (PerSeptive Biosystems) run In 20mM Tris.CI pH 8.0 
was used throughout Samples from cation exchange were buffer exchanged 
into 20mM Tris.CI pH 8.0 before use. Column equilibration was completed with 
a 1ml wash, 9ml of sample was loaded, followed by a 10.9ml wash step and 
5 then eluted with 3.9ml of 1M NaCI in 20mM Tris.CI pH 8.0 and then re- 
equilibrated with 10ml load buffer (20mM Tris.CI pH 8.0). Protein fractions were 
monitored by A280 and fractions collected manually. 

I 

SDS-PAGE, immuno blotting and lEF gels 

10 SDS-PAGE gels were 4-12% NuPAGE gels from Invitrogen run in MES buffer 
using SeeBlue2 standards. They were either stained with Coomassie or 
proteins were transferred to PVDF membrane using Vfex Towbin buffer. lEF gels 
were pH 3-10 lEF vertical slab gels from Invitrogen using Serva standards pi 3- 
1 0, stained with Coomassie. After destaining gels were scanned and / or dried 

15 between cellulose membranes. 




Example 1 

Review of the purification process for a Fab' antibody fragment to 
Identify improvements tliat could be made by altering host proteins. 

5 

Fab' fragments expressed in E.coli were routinely purified from periplasmic 
extracts using three chromatography steps. The first step was cation 
exchange at pH 4.5 during which the antibody Fab' fragment binds to the 
cation exchange column. The Fab' fragment was eluted from cation exchange 

10 and then run on anion exchange at pH8. The Fab' fragment does not bind 
anion exchange at this pH and was collected in the flow through. During this 
step most remaining E.coli proteins and endotoxin bound to the anion 
exchange column and were removed from the Fab' preparation. A final, 
hydrophobic interaction chromatography (HIC) step was required to remove a 

15 single abundant E.coli protein that co-purified through both ion exchange steps, 
as determined by SDS-PAGE. 

It was apparent from reviewing this purification process that it would be 
desirable to remove this final HIC step as this would speed up the purification 

20 process and would result in considerable cost savings on both materials and 
labour. The estimated cost saving for removing this single step was 15% on a 
molar Fab' basis. To achieve this it would be necessary to alter the physical 
properties of the contaminating E.coli protein such that it no longer co-purified 
with the Fab' on ion exchange and hence the HIC step would no longer be 

25 necessary. This could be achieved by altering the pi of the protein such that it 
either no longer binds to the cation exchange column or elutes from that 
column at a different salt concentration from the Fab'. This contaminating 
protein was later identified as the Phosphate binding protein (PhoS/PstS) 
(Example 2). 
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Another potential improvement was identified upon examination of an SDS- 
PAGE gel of all proteins which bind to the cation exchange column. This 
revealed that there were several other abundant host proteins which had 
bound to the column. Removal of these proteins would significantly increase 
5 the capacity of the column for Fab' binding and would consequently lead to 
cost savings due reduced column sizes and speed of purification. To achieve 
this it would be necessary to alter the pi of the contaminating proteins such that 
they no longer bound to the cation exchange column. These contaminating 
proteins were later identified as Dipeptide binding protein (DppA), Maltose 
10 binding protein (MBP), Thioredoxin and a hypothetical 24kDa protein (Example 
2). 

Example 2 

15 Identification of the contaminating proteins selected in Example 1 

A peripiasmic fraction produced from a standard E.co// W3110 fennentation 
was extracted overnight at 30°C in lOOmM Tris.CI 10mM EDTA pHS.O. After 
centrifugation the supernatant was diluted with H2O and acetic acid until it's pH 

20 was < 4.5 and its conductivity was < 3.5 mS cm \ This was loaded on to a 
cation exchange column in the normal manner. After washing the bound 
proteins were eluted. The Fab' and Its fragments were removed by passing the 
eluate down a ProteinG column twice and Protein L once and then the Fab' 
free eluate was concentrated with an Amicon stirred cell with lOkDa cut-off 

25 membrane. That all Fab' related peptides had been effectively removed was 
demonstrated with anti-kappa and anti-CH1 immunoblotting, sandwich ELISA 
and HPLC. Concentrated sample was analysed using Coomassie stained 4- 
12% SDS-PAGE gels. Identical gels were transferred to PVDF membrane, 
stained with PonceauS to reveal the position of bands which were excised with 

30 a clean scalpel. Proteins were subjected to N-terminal sequencing and the 
results used to query SwissProt. The results are shown below. . 




Protein 
sample 


1° N-temn, seq. 


Protein identified 


SwissProt 


Band 1 


'^KTLVY?SEGSPEGFN 
PQLFT^ 


Dipeptide binding 
prot&in, DppA 


P23847 


Band 2 


KTLVY-SEGSPEGFN 

c 


Dipeptide binding 
protein, DppA 


P23847 


Band 3 


N KIEEGKLVI " 


IVIaltose binding 
protein, MBP 


P02928 


Band 4 


■^EASLTGAGATFPAPV 
YAKWA° 


Piiosphate binding 
protein, PhoS / PstS 


P06128 


Bands 


•^ADQTNPYKLMDEAA 


Hypotlietical 24kDa 
protein 

2° sequence of 
moiybdate binding 
protein 


P45390 
P37329 


Band 6 


"Sn. D/l, KA/, l/R. 1, 
H/D, L/A. T/E. D/A, D/R, 
S/W. FD. TA^. V ° 


Tliioredoxin 

2° sequence of 

iiypotiietical 12.5 l<Da 

protein 


P00274 
P76258 



Example 3 

5 

Creation and testing of PhoS proteins with C-termlnal poly-lonic tails 

Effect of C-terminal poly-ionic tails on cation exchange purification atpH 4.5 

10 Initially 3 versions of PhoS were cloned and tested for expression in E. coli.and 
cation exchange purification: wild type PhoS (wtPhoS), a PhoS with 6 aspartic 
acids at the C-temiinus (PhoS polyD), and a PhoS with 8 aspartic acids at the 
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C-terminus along with a nearby K318D mutation (PhoS K/D polyD). All three 
expressed well in shake flasks as judged by Coomassie staining of SDS-PAGE 
of the crude pH adjusted periplasmic extracts. Summary of details such as 
plasmid, protein name, molecular weight, estimated pi, measured pi and NaCI 
5 elution profile at pH 4.5 from cation exchange column are shown In Table 2. 

The addition of the polyD tail caused the PhoS protein to elute some --20% 
earlier in a salt gradient relative to the wild type protein,- at 103mM NaCI. 
However the desired effect of the protein not binding at all to the SP sepharose 
10 column at pH 4.5 had not been achieved. There was some evidence that the 
additional K318D surface mutation (which is very close to the C-terminus) had 
an additional benefit on the cation exchange performance above that of the 
polyD tag alone. 

15 Effect of a C-terminal polyD tail on anion exchange purification at pH 8.0. 

Periplasmic extracts were simulated by pooling of flow through and elution 
samples from cation exchange experiments and buffer exchanged to 20m M 
Tris.CI pH 8.0. Samples for wt PhoS, PhoS polyD and PhoS K/D polyD were 

20 run on a small Poros HQ anion exchange column. The results shown in Figure 
2 show that although the wt PhoS protein does not bind to the column at this 
pH both the polyD and K318D polyD versions of PhoS do bind. Hence under 
these conditions it is likely that in addition to the pi changes that have occurred 
due to the presence of the polyD tag, the tag itself may be acting as an 'affinity 

25 tail' under these conditions. 

Example 4 

Effect of surface mutations and a C-terminai polyD tail on the cation 
exchange purification of PhoS at pH 4.5. 
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The crystal stmcture of PhoS with PO4 bound to the active site (Luecke and 
Quiocho, 1990, Nature, 347, 402-406) was analysed to find surface residues 
that were available for mutation. Lysine residues (MW 128.17Da, pKa = 10.79) 
were changed to glutamic acid (MW 129.12, pKa = 4.07) residues in order to 

5 reduce the pi of PhoS. The swapping of basic residues for acidic ones confers 
a greater potential pi change per mutation (a -0.15 pi change on PhoS) than 
when changing neutral residues to acidic ones (-0.07). Also, since surface 
exposed glutamic acid residues are likely to be highly solvated (like lysine 
residues) there may be less risk of causing a serious structural perturbation 

10 than when changing many of the other (non charged) surface residues to 
glutamic acid. It was also important to avoid residues that were implicated 
from previous structural or mutagenic studies to be important in PO4 binding or 
spatially near to these residues or indeed near to the central cleft in the middle 
of the PhoS molecule. Preference was given to lysine residues that project very 

15 far out of the surface of the protein and lysines that were situated In or near to 
large groups of basic residues. 

Such groups of basic residues may fomi a significant charge patch that can 
interact with a purification matrix. Hence strategic placement of one or more 

20 acidic residues may 'break up' such a patch /.e. significantly alter the net 
charge at such an area and hence result in large local changes in ability to 
interact with a purification matrix. Finally, since the C-terminus was already 
altered with the polyD tail which is situated at one end of the 'split rugby ball' 
shaped PhoS protein it was desirable to find at least some residues that were 

25 at the opposite end of PhoS protein from the C-terminus. 

The following areas were identified that fitted these criteria and that could be 
grouped together in linear sequence to facilitate grouped PGR mutagenesis 
approaches. 

30 1) Single mutation K275E sticks out of a concave surface and is very close to 
K272 and is near K282. 




2) Triple mutation of K107. 109 and 110, K107 is near to K98 and E155. 
isolated K109 projects out of PhoS, and K110 is in the vicinity of K109 very 
close to D1 1 2, D1 1 3 and El 1 4. 

3) Triple mutation of K262, 265 and 266, K262 is distant from K265/266 but in 
5 the vicinity of K318, whilst K265 and K266 together fomn a V and a triad with 

N48 

4) Triple mutation of K309. 313 and 318 are all involved in a large and diffuse 
area with potential to be a basic surface all being adjacent to T310 and P319. 

10 PhoS genes encoding these four mutations were constructed and tested for 
expression in E. co// and cation exchange purification performance at pH 4.5. 

The single K275E mutation (pDPH192) was found to be poorly tolerated by E. 
coli and / or was precipitated after the periplasmic extract was adjusted to pH 
15 4.5. In addition, for protein that was recovered from cells the cation exchange 
elution perfomiance was not increased over that of the PhoS polyD protein. 

The triple mutation at K1 07/1 09/1 10E gave no detectable protein after elution 
from cation exchange. This was due both to very poor levels of expression in 
20 E. coli (as shown by an Induction time course) but also possibly due to 
precipitation whilst the periplasmic extract was adjusted to pH 4.5. However, 
since these mutations were the only ones that were at the opposite end of the 
PhoS 'rugby ball' from the polyD tail it was subsequently split into single 
mutations for further analysis. 

25 

The triple mutation at K262/265/266E (pDPH193) eluted from cation exchange 
at 33mM NaCI. However the level of PhoS expression / recovery after cation 
exchange was reduced compared to the wt PhoS, hence this triple mutation 
was also split into all three single mutations and all combinations of double 
30 mutations for further analysis. 
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The triple mutation at K309/313/318E (pDPH194) had improved cation 
exchange elution perfomiance relative to the PhoS polyD (73mM vs. 83mM 
NaCI respectively) and normal levels of expression, however the elution at 
73mM was not sufficiently improved over that of the K318D single mutation + 
5 poIyD (pDPH188) hence no further work was performed on these triple 
mutations. 

Both of the single K275E and K318D mutations were combined with the triple 
K262/265/266E mutation (pDPH195 and pDPH194 respectively) in order to 
10 investigate whether such combinations could result in additional or synergistic 
effects. However, both still suffered from the low protein expression / recovery 
seen with K262/265/266E already. 

Splitting of the K1 07/1 09/1 10E triple mutation into three single mutations 
15 suggested that the K107E mutation was largely responsible for the deleterious 
effects of this triple mutation since the single K109E and K110E mutations 
were able to produce more protein. Both K109E (pDPH199) and K110E 
(pDPH200) showed improved cation exchange elution performance (52-55mM 
NaCI) and better than K107E {pDPH198) at 70mM NaCI. Hence K109 and 
20 11 OE were combined (pDPH201) to test for additional / synergistic effects. 
However, this double K109/110E mutation could not be expressed or 
recovered after adjusting to pH 4.5. This suggests that the region of PhoS that 
K1 07/1 09/1 10 are in has some important structural or solvating effect where all 
three parties make a contribution. K110E was chosen for further combinatorial 
25 studies this mutation appeared to be better tolerated than the K109E as judgi3d 
by protein recovery. 

The three single K262, 265, 266E mutations all showed improved cation 
exchange elution performance over PhoS polyD alone: 68mM, BOmM and 
30 58mM respectively and all had good levels of protein expression. Combination 
of these into double mutants suggest that it is residue K262 that is critical for 



maintaining good protein expression levels (structure/solubility) since when 
combined with either K265E (pDPH205) or K266E (pDPH206) we observe 
reduced protein expression / recovery levels. In addition both of these double 
mutants do not have improved cation exchange elution perfonnance over that 
5 of the single K265E or K266E mutants. However the double K265/266E 
(pDPH207) mutant has good levels of protein expression / recovery and 
additive effects on cation exchange elution perfomaance, since this protein is 
eluted at 38mM NaCI (compared to 60mM and 58mM for the single mutations 
alone). 

10 

Further combination mutants were made to put K265/266E together with 
K1 1 0E and K31 8D. The K1 1 0/265/266E mutant (pDPH209) was found to have 
improved cation exchange elution performance, eluting at 29mM NaCI and 
good levels of protein expression. The K265/266E+K318D mutant (pDPH211) 

15 had both poorer cation exchange elution performance and protein expression 
than the K265/266E mutation alone. Finally a 'maximal' mutation construct 
containing four mutations in addition to the polyD tail: K1 10/265/266E + K318D 
(pDPH210) was tested. However this suffered from reduced protein recovery 
and did not have improved cation exchange elution performance over either 

20 K265/266EorK110/265/266E. 

Hence three PhoS constructions were chosen for further analysis to represent 
minimal PhoS mutations with improved cation exchange elution perfomnance: 
PhoS polyD, PhoS K265/266E polyD and PhoS K1 1 0/265/266E polyD. The 

25 elution of all three mutations at lower salt concentrations than the wild type 
PhoS should allow separation of the mutant PhoS from the Fab' by gradient or 
step elution from the cation exchange column. Alternatively, depending on the 
pi of the mutants it may be possible to prevent them binding to the cation 
exchange column by increasing the pH of the buffers whilst not affecting Fab' 

30 binding. Another alternative may be to rely on the anion exchange step to 
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remove the mutated PhoS. The pis of the mutant PhoS proteins were 
determined below. 

Example 5 

s Effect of PhoS mutagenesis on protein integrity and pi. 

Mutant PhoS proteins that were >95% pure were obtained by gradient elution 
cation exchange. The integrity of the protein and ifs C-terminal tail was 
assessed by SDS-PAGE and mass spectrometry. Tfie masses measured by 

10 MS are shown in Table 2a. All show close agreement with the predicted mass 
both confirming that the proteins were of the correct identity and also that the 
polyD tail was intact. SDS-PAGE shown in Figure 3 confirms both the level of 
purity of these preparations and shows a slightly slower migration for the polyD 
containing PhoS proteins compared to the wild type. lEF gels (Figure 4) show 

15 that wl PhoS has a pi of -7.2 whilst addition of the polyD tail alone reduces 
the pi to -5.1. Successive additions of K to E or D surface mutations cause 
additional pi shifts ranging from -4.9 for PhoS K/D polyD to -4.8 for PhoS 
K265/266E polyD and -4.5 for PhoS K1 1 0/265/266E + K318D polyD. 

20 Example 6 

Testing the functional integrity of mutant PhoS proteins: 
Complementation of a phoS genotype with plasmid borne PhoS. 

The E . coli strain ANCG75 (Amemura et ai, 1 982) was used to provide a phoS 
25 genetic background. These cells permanently have a phenotype as if they are 
PO4 starved and hence due to feedback through the pho regulon induce high 
levels of alkaline phosphatase even in the presence of PO4. Growth of such 
cells on solid media that contains XP can distinguish between cells that have 
high or low levels of alkaline phosphatase. Transformation of such cells with 
30 plasmids that encode for wt PhoS, PhoS polyD, PhoS K265/266E polyD and 
PhoS K110/265/266E polyD or a control plasmid confirmed that all of the 
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mutant PhoS proteins had the ability to complement the loss of the 
chromosomaily encoded PhoS. 

Repeating the same experiment in liquid media that is 'phosphate free' (very 
5 low in PO4) using wild type W31 10 E. coli as a control showed (Figure 5) that 
all of the mutant PhoS proteins tested were able to complement 100% the 
phoS phenotype under low PO4 conditions (see 5 hour time point) and also 
partially complement the phoS phenotype under PO4 free conditions (see 22, 
27 and 47.5 hour time points). 

10 

Example 7 

Making stable £. co// integrated strains expressing mutant PhoS proteins. 

The genes encoding three mutant PhoS proteins (polyD, K265/266E polyD and 

15 K1 10/265/266E polyD) were assembled along with a length of 3' chromosomal 
flanking region into the chromosomal replacement plasmid pKOS. In addition a 
null version of PhoS was made with an oligonucleotide that had two in frame 
stop codons in the signal peptide coding region (plasmids pDPH21 7-220 
respectively). These were electroporated into W31 1 0 E. coli and tested for 

20 recombination and plasmid curing as described in the methods. A final PGR 
screen of single colonies of putative integration events using the screening 
oligos shown in Table I along with suitable common oligos on the opposite 
strand were done to test if the colonies had wild type or mutant PhoS 
integrated into the chromosome. PGR of chromosomal DNA (on whole E. coli 

25 cells) with two oligos {Dra I fonward and BsfB I reverse) that anneal outside of 
the region of DNA that was encoded in pK03 using a high fidelity polymerase 
(Precision plus Taq), followed by direct sequencing of the gel purified PGR 
product was used to confinm that the correct changes had been incorporated 
Into the chromosome. This resulted in production of the following four E. coli 

30 strains: DPH1 encodes PhoS polyD, DPH2 encodes PhoS K265/266E polyD, 
DPH3 encodes PhoS K110/265/266E polyD, DPH4 encodes null PhoS. 



Example 8 

Test expression and purification of Fab' from DPH3 strain. 

5 Strain DPH3 was transformed with a plasmid expressing the desired Fab\ A 
standard fermentation was performed and no obvious deficiencies or difficulties 
were observed during the growth or induction phase. Samples taken 
throughout the fermentation were assayed in the usual manner by ELISA after 
Tris/EDTA extraction. The data in Figure 6a and 6b show that the growth was 
10 norma! and that Fab' accumulation in the periplasm was some 380mg/L at 
harvest, well within the normal range for this Fab'. Cell pellets were found to be 
firm and easy to resuspend after centrifugation, normally a sign of good ceil 
integrity. 

15 Pellets representing 50 ml of harvest culture were extracted overnight at 30°C 
in Tris/EDTA then prepared for cation exchange purification as described 
previously. The pH was increased from 4.5 to 5.0 so that the mutant PhoS of 
strain DPH3 (pi 4,5) would not bind to the cation exchange column but the Fab' 
fragment would. The conductivity was 3.0mS/cm. The sample was applied to a 

20 5ml SP sepharose column and load, flow through and elution samples 
analysed by Coomassie stained SDS-PAGE. Samples were concentrated 
where appropriate using lOkDa cut-off spin columns to enable visualisation 
with Coomassie stained gels. 

25 The SDS-PAGE gel in Figure 7 shows that under these pH and conductivity 
conditions that the mutant PhoS from DPH3 does not bind to the SP sepharose 
column, whilst wt PhoS from W31 10 does bind. This means that for DPH3 the 
mutant PhoS and Fab' appear in different fractions: flow through and 200mM 
NaCI elution respectively, whilst for W31 1 0 both proteins appear in the 200mM 

30 NaCI elution. 




TO confirm that any remaining PhoS would also be removed by anion 
exchange, 

flow through and 200mM NaCI elution fractions from both DPH3 and W3110 
experiments were concentrated, desalted and buffer exchanged to 20mM 
5 TrIs.CI pH 8.0 and run on anion exchange. The Coomassie stained SDS- 
PAGE gel shown In Rgure 8 shows that for DPH3 PhoS binds to the anion 
exchange column hence separating it from the Fab'. However, the wt PhoS 
from W31 10 does not bind to the column and flows through euid contaminates 
the Fab' solution. 




Claims 

1 . An E.coli host cell expressing a recombinant antibody characterized in that 
5 the E.coli host cell has been genetically modified in order to change at least 

one physical property of one or more E.coli proteins which In the wild type 
co-purify with said recombinant antibody. 

2. The host cell of claim 1 where the physical characteristic of the E.coli 
protein that is altered is the isoelectric point, hydrophobicity or size. 

10 3. The host cell of claim 2 where the physical characteristic of the E.coli 

protein that is altered Is the isoelectric point. 
4. The host cell of claims 1 to 3 where the altered host protein is Phosphate 

binding protein (PhoS/PstS), Dipeptlde binding protein (DppA), Maltose 

binding protein (MBP) or thioredoxin 1. 
15 5. The host cell of claims 1 to 3 where the altered host protein is Phosphate 

binding protein (PhoS/PstS). 

6. The host cell of claim 4 where the isoelectric point of the host protein is 
altered by the addition of a poly-aspartic acid tag to the C-temriinus. 

7. The host cell of claim 5 where the isoelectric point of the Phosphate binding 
20 protein (PhoS/PstS) has been reduced by substituting one or more lysines 

at residues 110, 265, 266 or 318 with glutamine or aspartic acid. 

8. The host cell of claim 7 where the isoelectric point of the Phosphate binding 
protein (PhoS/PstS) has been reduced further by the addition of a poly- 
aspartic acid tag to the C-terminus. 

25 9. The host cell of claims 1-8 where the recombinant antibody is a Fab' 
fragment. 

10. A method of manufacturing a recombinant antibody which comprises 
fermenting a host cell according to claims 1-9. 
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Figure 1 . 
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